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Abstract 
Steel is widely used as grounding material in China. The resistivity and permeability of steel are higher than those of 
copper. If a grounding grid is very large, it is a problem for steel grounding grid to have great potential difference 
within the grounding grid. Based on field-circuit coupling theory and method of moment, a numerical calculation 
method of steel grounding grids is presented in this paper. The resistance and self-inductance of conductors as well as 
mutual inductance between conductors are taken into account. The nonlinear characteristic of steel permeability 
saturation is also taken into account. The impedance of a large substation grounding grid is analyzed based on the 
method presented in this paper. The results show that the grounding impedance is decreased as the short circuit 
current increases. Thus, the grounding impedance with great failure current is lower than measured grounding 
impedance with measurement current from several amperes to tens of amperes. 
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1.Introduction 
With the continuous development of power system, fault current into the earth is growing, and the 
grounding system will also expand. When the short-circuit fault occurs, the AC current dissipates to the 
ground and the axial current which flows through a conductor resistance and inductance generates the 
voltage drop on the conductor and mutual inductance voltage drop on the other conductors. The grounding 
system is not equipotential any more. As the steel resistivity and magnetic permeability is higher than 
copper, the non-equipotential problem of the domestic steel grounding grid compared with overseas copper 
grounding grid is highlighted. The current industry standard, " Grounding for AC electrical installations " 
[1], IEEE Guide for safety in AC substation grounding [2], the widely used method of grounding 
parameters numerical calculation[3-4] and the simplified calculation method [5-8] are essentially to the 
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calculation premise of grounding grid equipotential. The field test also showed that the inside of large-scale 
grounding grid existed potential difference. For example, the early 80s of last century, the single-phase 
short circuit test was taken in 500kV Shuanghe substation in the system debugging[9].Shuanghe substation 
grounding grid is square, and the diagonal length is 470m. The soil resistivity is 60ȍ•m. The test results 
showed that the grounding grid potential of the site of the current into the earth is higher than the edge. The 
potential difference within the grounding grid accounted for 46% the total potential rise. It is indicated that 
the potentials at different grounding grid points are not equal actually. The frequency characteristics of 
copper grounding grids are studied in [10]. The impact properties of copper grounding grids are studied 
in[11]. The steel is ferromagnetic material, and its saturated characteristic makes the magnetic permeability 
of steel become a measure related to flowing conductor current instead of a constant. In the vicinity of the 
fault current into the ground ,the flowing current in the conductor is large, and conductor permeability is 
low. And in turn, the two parameters perform the opposite. The phenomena make the character of 
grounding grid complicated in the power frequency current.  
2.Determination of Ferromagnetic Material Permeability  
Steel is ferromagnetic material and its magnetization process is special. In the beginning, the 
permeability is very high, usually as is described in Figure 1. The relationship between B-H is used to 
depict the magnetization process of medium. The ferromagnetic material is placed in the external magnetic 
field which is gradually increased from zero. In the beginning, the magnetic field is weak, and magnetic 
domain has a slight deflection. The domain is arranged neat , which shows magnetic to the external. As the 
degree of deflection of magnetic domain is related to H , B increases with H at this stage (Fig.1 oa 
segment). After the H reaches certain degree, some magnetic domains opposited to external magnetic field 
have turned to be consistency with external magnetic field, and B increases with H rapidly (Fig.1 ab 
segment). After H rises to b point, all magnetic domains have turned, so the directions are tend to 
consistency. Further if H continues increasing, B will not increase significantly (Fig. 1 the right segment of 
b point). Now the material magnetization has reached saturation. 
Permeability ȝ = B / H. Therefore, the ferromagnetic material permeability is not constant. When the 
external magnetic field strength increases from zero, the B-H curve is called the initial magnetization curve. 
Taking into account the grounding fault in the power system is accident, the grounding systems have not 
remanence on a basic and the initial magnetization curve is utilized to calculate permeability. During 
electrical calculations, the initial magnetization curve is often used to calculate the magnetic properties of 
ferromagnetic materials [12]. 
ȝ0 is permeability of vacuum and ȝr is the relative permeability. For ferromagnetic materials, B = ȝ0ȝrH 
has not hold linearly (or ȝr is not a constant). One can define a  
 
Figure 1. The relation between magnetic induction intensity B and  magnetic intensity H 
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relative magnetic permeability which is corresponding to a special value of H or B[13] . 
                                   ȝ0ȝr = B / H                                    (1)                                 
ȝ0ȝr is not the B-H curve slope, but the slope of a line which is through the origin and intersecting of 
the B-H curve. Therefore, the value of ȝr can be obtained from B-H curve. 
3.The Numerical Calculation of Substation Grounding Parameters  
Frequency-dependent grounding system calculation model is presented in this paper, taking into 
account the leakage current from conductors to the earth, a voltage drop generated by the axial current 
across conductor resistance and inductance as well as mutual inductance between different conductors. 
Figure 2 shows a simple example of a grounding grid. Grid short-circuit current I0 is from a corner node 
into the earth. It is assumed that each piece of conductor leakage current focuses on the mid-point in the 
conductor into the earth. 
 
Figure 2. Nodal number of a grounding grid 
First of all, circuit theory analysis method is applied to form the node incidence matrix. Node numbers 
follow rules: first the mid-point then the node, first horizontal then vertical, first down then up and first left 
then right. There are n branches and m nodes in the grounding network, since the current leakage is 
supposed into the ground in the mid-point of each branch, then the whole network turns into 2n branches 
and n + m nodes . 
The impedance matrix Z of grounding network can be obtained by 
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Where: Z0, Miˈi and Miˈj  are the inner impedance, external self-inductance of each branch conductor 
and mutual inductance between different conductors after the network becomes 2n branches respectively. 
The calculation method of MiˈiandMiˈj is in reference[14]. The inner impedance of a conductor of a solid 
circular cross section is given by [15] 
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 Where: cj UZPJ / . cU  is the conductor resistivity; I0 (Ȗa) and I1 (Ȗa) are zero-order and first order 
Bessel function respectively; f is the frequency of the current into the earth. Make 1 ZY , if the node 
incidence matrix is A, then the node admittance matrix mnY   is Tmn AYAY   .                                                         
On the circuit shown in Figure 2, combined with equipotential grounding grid computing matrix, the 
node voltage equation is 
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As the surface potential of all the conductors will be generated by each piece of leakage current, the 
total potential of the conductor of j branch is 
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Where: Rii is called self resistance. Rij is called mutual resistance. The calculation of Rii and Rij has 
been resolved in the calculation premise of grounding grid equipotential[16]. Using the method of 
moments with point matching, equation (5) written in matrix is 
                                         d RIM                                                                         (6) 
Leakage current can be expressed as 
    1 d dI R GM M                                                                 (7) 
The equation (7) brings into equation (4), then 
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(n + m)-order square matrix n mY   is divided into four part, then 
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Where: nnY and mmY are n- order and m- order matrix respectively. nmY is the n rows and m columns 
matrix; mnY is the m rows and n columns matrix. Equation (10)can be obtained from equation(9) 
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The initial magnetization curve of steel are put into calculation software in the form of discrete points, 
and the adjacent discrete points are connected with straight lines. The corresponding linear equation can 
be obtained and the initial magnetization curve is piecewise linear. 
The permeability of the first piecewise linear is taken momentarily as permeability for all grounding 
conductors. Each piece of the axial current and the grounding impedance can be calculated preliminarily. 
If the radius of grounding conductor is r, the axial current of the i conductor segment is Ji, then the 
magnetic field strength of the conductor Hi = Ji / (2ʌr). According to the Hi, the linear equations of the 
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magnetization curve Hi segment are determined. Taking Hi into the linear equation, the corresponding Bi 
can be gained. The conductor permeability of the section ȝi = Bi / Hi. Different sections of grounding 
conductors have different permeability. The axial current of each segment conductor and grounding 
impedance are calculated based on the previous method.  
Repeat the above process, if the nth cycle grounding impedance is Zn and the (n+1)th cycle grounding 
impedance is Zn+1, when  1 1( ) / 0.001n n nZ Z Z   , then Zn+1 is the grounding impedance after 
considering properties of saturation ferromagnetic materials. Based on the above methods, the grounding 
parameter calculation software is programmed. The grounding impedance , touch voltage, step voltage, 
potential differences  within the grounding grid and potential distribution on the ground surface can be 
analyzed by the software for the three-layer soil. The conductor axial current, leakage current, the 
midpoint potential and endpoint potential of 3500 segments can be calculated when the current is injected 
into the earth in m nodes synchronously. 
4.Results Analysis  
Figure 3 shows steel magnetization curve. The grounding impedance of 500kV Shuanghe substation is 
calculated. The  soil parameters and structure of the grounding grid are: uniform soil resistivity 60ȍ•m, 
324m × 324m square network, 18 × 18 meshes, conductor radius 0.014m and the buried depth 0.6m. 
Figure 4 shows the relationship of the grounding impedance Z and the short-circuit current I0 when 
the current is injected into the grounding grid from the center and the corner of the grid. It can be seen 
from Figure 4 that the grounding impedance decreases as the current into the earth increases. It is because 
the axial current and magnetic field strength of the conductors increase when the current increases. The 
increasing magnetic field strength leads to reduce permeability as well as self-inductance of the 
conductors. 
When the current is injected from the corner of the grounding grid into the earth, the grounding 
impedance of 3kA short-circuit current is 33.2% lower than that of 30A measuring current , while the 
grounding impedance of 20kA current is 43.0% lower than that of 30A. When the current is injected from 
the center of the grounding grid into the earth,  the grounding impedance of 3kA short-circuit current is 
7.5% lower than that of 30A measuring current , while the grounding impedance of 20kA current is14.6% 
lower than that of 30A. 
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Figure 3. Magnetization curve of ferromagnetic material 
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Figure 4. The relation between Z and I of the grounding grid 
5.Conclusion  
The failure current drains to the ground and flows along the conductors at the same time. The 
longitudinal current near the feeding current point is great and magnetic field strength inside conductors is 
high. The permeability is relative low due to high saturation permeability characteristics of steel. The 
different grounding conductors have different permeability under the short circuit current. If the saturation 
characteristics of ferromagnetic materials is taken into account, the grounding impedance is a function of 
short circuit current. With the increasing of current into the earth, the magnetic field strength within 
conductors will be increased and the permeability of ferromagnetic materials will be decreased. Grounding 
impedance is decreased. Therefore, the grounding impedance by using several amperes or tens of amperes 
of measuring current may be higher than that of several thousand amperes or tens of thousands of amperes 
of short-circuit current. 
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